Abstract: We propose a free-standing membrane light-emitting diode (LED) on a GaNon-silicon platform. Finite-difference time-domain (FDTD) simulation is used to investigate thickness-dependent performance of a free-standing membrane LED. The simulation results show that the light extraction efficiency is increased, and a directed emission pattern is obtained in free-standing membrane LEDs, which are experimentally implemented by removing the silicon substrate and back wafer thinning of the epitaxial layer. The light extraction efficiency and current-voltage (I-V) performance of membrane LEDs is increased in comparison with LEDs with silicon substrate.
Introduction
Recently, III-nitride light-emitting diodes (LEDs) on a GaN-on-silicon platform have attracted considerable interest due to their obvious advantages, such as cheaper, widely-available silicon wafers and the ability to use automated back-end manufacturing tools in silicon fabs [1] - [4] . However, part of emitted light from LED is absorbed by silicon substrate and trapped within thick epitaxial film, which limits the light output efficiency in LED fabricated on a GaN-on-silicon platform [5] . Especially, thick epitaxial films are used to compensate for the large lattice mismatch between GaN and silicon. Then, multiple optical modes of emitted light are confined inside thick epitaxial films by the total internal reflection at the interface between the epitaxial films and air due to large refractive index difference [6] . Moreover, the internal reflection caused by epitaxial films leads to the broad light emission profiles of LED. The poor directionality of LED makes it difficult to use LED on a wider variety of applications, including visible light communication and integrated optical system [7] - [9] . The thick epitaxial films of LED on GaN-on-silicon substrate also cause some problems about the electrical performance of LED [10] - [12] .
Aiming to solve the aforementioned issues, various approaches have been presented, such as micro-and nano-patterned surface texturing, antireflective coating layers, photonic crystals and so on [13] - [18] . Recently, Hane et al. reported the removal of silicon substrate from the backside to form a free-standing GaN membrane offering much more manufacturing flexibilities for MEMS applications [19] . There is a potential for increasing the light extraction efficiency and improving the electrical performance of LED on GaN-on-silicon platform by using free-standing GaN membrane. We conducted a double-side process to remove the silicon substrate and thin the epitaxial GaN layer of the LED on GaN-on-silicon platform from backside [20] , [21] . The experimental results show remarkable improvement in the electrical and optical performance of the partially free-standing membrane LED.
In this paper, we demonstrated a free-standing membrane LED fabricated on a GaN-onsilicon platform, where back wafer etching is used to thin free-standing epitaxial films. In comparison with LED with silicon substrate, the photoluminescence (PL) measurements and electrical measurements show significant improvement of light extraction efficiency and currentvoltage (I-V) performance in the free-standing membrane LED. The optical performance is analyzed by finite-difference time-domain (FDTD) simulation. The simulation results show the dependence of the extraction efficiency, output directionality and the number of Fabry-Pérot modes of the emitted light on membrane thickness.
Experiments
The free-standing membrane LED is implemented on one commercial GaN-on-silicon wafer from AZZURRO Semiconductors AG. The epitaxial films are comprised of $120 nm thick p-GaN layer, $125 nm InGaN/GaN multiple quantum wells (MQWs), $2:8 m thick n-GaN layer and $ 4:1 m buffer layer. The total thickness of top epitaxial films is $7:12 m. The thickness of silicon substrate is 200 m. All of the LEDs in this paper is face up type. Fig. 1(a) -(c) shows the schematic of LED with silicon substrate, free-standing membrane LED without silicon substrate and free-standing membrane LED with thinned epitaxial films, respectively. Regarding the LED fabricated on a GaN-on-silicon platform, the visible light absorption by silicon substrate causes optical loss of the emitted light. The main part of free-standing membrane consists of 2.8 m thick GaN layer and 4.1 m buffer layer Al x Ga ð1Àx Þ N. The light absorption of LED according to Lambert-Beer law is shown as
where I is the intensity of emitted light, Si is the absorption coefficient of silicon substrate ð5:0 Ã 10 4 =cmÞ, l Si is the light path-length in silicon substrate, GaN is the absorption coefficient of GaN (5-30/cm), l GaN is the light path-length in GaN layer, Al x Gað1Àx ÞN is the absorption coefficient of buffer layer (100-150/cm), and l Al x Gað1Àx ÞN is the light path-length in buffer layer. The light absorption caused by silicon substrate is reduced by removing the silicon substrate. Moreover the light path-length l GaN and l Al x Gað1Àx ÞN in free-standing membrane is reduced with decreasing film thickness by back wafer thinning of free-standing membrane.
The fabrication process of electrically pumped free-standing membrane LED is shown as follows. The top side of LED wafer is firstly patterned by photolithography and then etched with the depth of 1 m to expose n-type GaN layer by inductively coupled plasma reactive ion etching (ICP-RIE) of III-V materials. Then, the top side of processed wafer is defined by photolithography and thus, Ni(5 nm)/Au(15 nm) transparent metal films are deposited by electron beam evaporation. Both p-GaN electrode and n-GaN electrode are formed by lift-off technique and subsequently annealed at 500 C in air for 10 minutes to obtain ohmic contacts. Subsequently, the silicon substrate underneath the LED region is patterned from backside by photolithography and etched down to buffer layer by deep reactive ion etching (DRIE) of silicon. Finally, free-standing membrane is thinned from backside by ICP-RIE with the etching depth of 4 m. The film thickness of free-standing membrane LED is 3.12 m. Fig. 2(b) is 100 m. The line width of n-electrode is 30 m, and the distance between p-electrode and n-electrode is 100 m. The diameter of circular free-standing membrane is 400 m. The silicon substrate is completely removed in the free-standing membrane region. The free-standing membrane is transparent and no cracks. Experimental results indicate that the membrane is strong and suitable for membrane LED light source.
Results and Discussion
A microzone confocal Raman spectroscope equipped with a color charge-coupled device camera is used to conduct photoluminescence (PL) measurement, where the excitation source is one 325 nm He-Cd laser. The power of 325 nm laser is 30 mW, and the laser beam focuses on the sample with the diameter of 3 m. The density filter is set to 0.1%. With removal of silicon substrate and backside thinning of free-standing epitaxial films, the significant increase in light extraction is shown in Fig. 3(a) . The emission peak intensity of free-standing membrane LEDs is increased by 10.4 times in comparison with LEDs with silicon substrate. The interference fringes caused by the Fabry-Pérot microcavity are observed [22] , indicating the processed sample having the smooth interfaces. Moreover, free-standing membrane LEDs has a different strain condition in comparison with LEDs with silicon substrate, leading to a clear shift in the PL peak. The dominant PL peaks are 428.9 nm for free-standing membrane LEDs and 426.8 nm for LEDs with silicon substrate. The blue shift of the PL spectra is observed in our published research [20] , which is caused by removing the silicon substrate. The III-V epitaxial layers of LED are under compressive stress when grown on silicon substrate, and blue shift in spectra is generated by releasing the compressive stress between the III-V epitaxial layers and silicon substrate [23] , [24] . However, the active region of LED (MQWs structure) on GaN is under a tensile stress [25] . A part of Al x Ga ð1Àx Þ N and GaN materials is removed by thinning from backside in this paper. Then, the tensile stress between the MQW structure and GaN materials is released. The red shift of PL spectra is generated, which compensates the blue shift caused by removal of silicon substrate.
The typical I-V characteristics of LEDs are measured on a probe station connected to an Agilent B1500A semiconductor device parameter analyzer. The measured turn-on voltages are free-standing membrane LEDs is significantly improved in comparison with the LEDs with silicon substrate. The GaN film grown on silicon substrate is imposed by high dislocation density because of the lattice mismatch between GaN and silicon, which results in a reduced mobility of the carriers in epitaxial film. Hence, the spreading resistance is negatively affected. After removing silicon substrate and back wafer thinning of epitaxial layer, the compressive stress between the III-V epitaxial layers and silicon substrate is released. Then the carrier concentration is increased and the conductivity of GaN epitaxial layer is thus increased [26] , leading to the improvements in the I-V performance of membrane LED. Fig. 3(b) also shows that a clear size-dependent behavior is observed in the I-V performance [27] . With decreasing the size of p-contact electrode, the turn-on voltage is increased and the forward current is lower under the same forward bias. However, GaN-based LED with smaller p-contact electrode can achieve higher modulation rate [4] , [28] . There is a trade-off between the turn-on voltage and modulation rate for GaN-based micro-LEDs in the field of visible light communication.
A 2-D FDTD simulation is carried out to investigate the mechanism of the performance of free-standing membrane LED. A point-like source locates a short distance below the top GaNair interface. Fig. 4 compares the light propagation passing through different LED structures and the light extraction efficiency (LEE). Silicon substrate is absorbing at the visible wavelengths. As a result, the light emitted towards the silicon substrate is absorbed by the thick silicon substrate presented in Fig. 4(a) . It represents a substantial loss and thus, the LEE of GaN-based LED with silicon substrate is 9.36%. The LEE is increased to 20.7% by removal of the silicon substrate, as illustrated in Fig. 4(b) , where the silicon absorption of the emitted light is eliminated and light emitting from InGaN/GaN MQWs towards the bottom surface will then be reflected and escape. Fig. 4(c) -(e) shows that the light output performance is membrane-thicknessdependent, where the thicknesses of free-standing epitaxial membrane t m are 5.12 m, 3.12 m, and 1.12 m respectively. Fig. 4(c) -(e) shows that the LEEs are 21.6%, 22.9%, and 24.1%, respectively. Backside thinning of free-standing GaN membrane is a novel way to increase the light extraction efficiency and to tune the light radiation pattern. The far field radiance patterns of LEDs are clearly modified by tuning the thickness of epitaxial films, displaying the reduction of optical modes and the improved emitted light directionality. The top GaN-air interface and the internal epitaxial interface acting as coplanar mirrors build up Fabry-Pérot microcavities. Since the epitaxial films are thick, multiple Fabry-Pérot optical modes and the diverging light are generated. The centered light and fewer Fabry-Pérot modes are clearly distinguished for free-standing membrane LED with thinner thickness. The radiance pattern of LED with silicon substrate [see the blue line in Fig. 5(a) ] displays ten Fabry-Pérot optical modes (lobes) shifted versus angle, and the emission divergent angle is 141. 1 . With removal of silicon substrate and back wafer thinning of epitaxial films, the radiation patterns are modified. The number of Fabry-Pérot optical modes (lobes) is reduced, and the directionality of emitted light is concentrated. Free-standing membrane LED with film thickness t m of 1.12 m [see the cyan line in Fig. 5(b) ] exhibits three Fabry-Pérot optical modes (lobes), and the divergent angle is 71.2 . 
Conclusion
We demonstrated a high output free-standing membrane LED on GaN-on-silicon platform fabricated by the double-side process. FDTD simulation is carried out and the simulation results show that the light extraction efficiency is substantially increased and directionality of emitted light is enhanced in thin membrane LEDs. The number of Fabry-Pérot optical modes is reduced from ten to three, and the divergent angle of emitted light directionality is concentrated from 141.1 to 71.2 . With the introduction of removal of silicon substrate and back wafer etching technique, free-standing membrane LEDs is experimentally implemented. The PL spectra show that the emission peak intensity of free-standing membrane LEDs is increased by 10.4 times, in comparison with LEDs with silicon substrate, and the red shift in emission peak occurs owing to the change in strain condition. Moreover, improvement of I-V performance is clearly observed in fabricated free-standing membrane LEDs. The work offers a promising potential to form high performance surface emitting device on GaN-on-silicon platform.
